Abstract: Immunomodulatory effects of alcohol use involve regulation of innate immune cell function leading to liver disease. Alteration of inflammatory responses by alcohol is linked to dysregulated TNF-␣ production. Alcohol-induced oxidative stress also contributes to alterations in inflammatory cell activity. Heat shock proteins (hsps) and the heat shock transcription factor-1 (HSF-1) induced by oxidative stress regulate NF-B activation and TNF-␣ gene expression in monocytes and macrophages. Here, we report that in vitro alcohol treatment induced and augmented LPS-induced HSF-1 nuclear translocation and DNA-binding activity in monocytes and macrophages. Supershift analysis revealed that alcohol regulated HSF-1-and not HSF-2-binding activity. hsp70, a target gene induced by HSF-1, was transiently increased within 24 h by alcohol, but extended alcohol exposure decreased hsp70 in macrophages. The alcohol-induced alteration of hsp70 correlated with a concomitant change in hsp70 promoter activity. hsp90, another HSF-1 target gene, was decreased during short-term alcohol but increased after prolonged alcohol exposure. Decreased hsp90-HSF-1 complexes after short-term alcohol indicated dissociation of HSF-1 from hsp90. On the other hand, hsp90 interacted with client protein IB kinase ␤, a signaling intermediate of the LPS pathway, followed by IB␣ degradation and increased NF-B activity, indicating that hsp90 plays an important role in supporting inflammatory cytokine production. Inhibition of hsp90 using geldanamycin prevented prolonged alcohol-induced elevation in LPS-induced NF-B and TNF-␣ production. These results suggest that alcohol exposure differentially regulates hsp70 and hsp90 via HSF-1 activation. Further, hsp90 regulates TNF-␣ production in macrophages contributing to alcohol-induced inflammation. J. Leukoc. Biol. 84: 000 -000; 2008.
INTRODUCTION
Alcohol consumption is associated with alterations in host immune responses manifested as increased susceptibility to bacterial and viral infections, reduced elimination of pathogens, and immunosuppression [1] [2] [3] . The innate immune system plays an important role in immune regulation owing to the ability of monocytes and macrophages to recognize invading pathogens and produce inflammatory cytokines. TNF-␣, a pivotal mediator of host defenses, is essential for survival during infections and also contributes to the pathogenesis of early alcohol-induced liver injury. Acute or short-term alcohol exposure is linked to decreased production of inflammatory cytokines including TNF-␣ [4] , whereas chronic alcohol increased TNF-␣ secretion by monocytes and macrophages in in vivo and in vitro models [5] . Our laboratory and work by other groups has demonstrated various mechanisms for alcohol-induced modulation of TNF-␣ production by macrophages ranging from alterations in NF-B activity, increased production of reactive oxygen species radicals (ROS), augmentation of Erk1/2 activity to promote TNF-␣ transcription, increased p38 MAPK activity resulting in increased stability of TNF-␣ mRNA, and modulations in the TLR4-CD14 receptor complex and downstream signaling molecules [6 -9] .
Exposure of cells to a wide variety of stressors including heat shock, hydrogen peroxide, infection, inflammation, and particularly of interest, alcohol drinking results in accumulation of stress proteins known as heat shock proteins (hsps) [10, 11] . The primary function of these proteins is to operate as intracellular chaperones and provide cytoprotection against stress. Induction of hsps is initiated by activation of heat shock factors (HSF), the principal mediators of the cellular stress response, which exit as monomers in nonstressed cells and upon stress, undergo trimerization, nuclear translocation, and binding to the heat shock-binding elements (HSE) to induce a family of hsp genes [12] . Increasing evidence suggests a prominent role for hsps, particularly hsp70 and hsp90, in inflammatory responses. Specifically, hsp70 and hsp90 play an important role in regulation of the TLR4-mediated, down-stream signaling pathway, leading to activation of NF-B [13, 14] . hsp70 and hsp90 associate with TLR4 in lipid rafts and are essential for LPS recognition [15] . hsp90 activity is required for constitutive and inducible IB kinase (IKK) and NF-B activation and in-RAW 264.7 macrophages were purchased from American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM containing 10% FBS. Monocytes from human peripheral blood were isolated by selective adherence from Ficoll-Hypaque-purified mononuclear cell preparations as described previously [4] . Healthy individuals, aged 18 -60 females and males with no previous alcohol abuse history who consumed less than six drinks/week, were recruited in the study.
Human peripheral blood monocytes or macrophages were exposed to alcohol (25 mM, 50 mM, and 75 mM) for 15 min, 48 h, or 72 h and then stimulated with Escherichia coli-derived LPS (100 ng/ml) at the times indicated in the figure legends. The 25-mM in vitro ethanol concentration approximates a 0.1-g/dl blood alcohol level, which is achieved in vivo after a dose of moderate drink. The short-term or acute alcohol exposure is referred to as "acute" alcohol exposure from 15 min to 24 h by virtue of its ability to inhibit NF-B activation and TNF-␣ production [4, 6] . Whereas 72 h of alcohol exposure has been designated as "chronic" as a result of its ability to increase LPS-induced NF-B-binding activity and TNF-␣, as observed in previous chronic alcoholinduced liver injury models [5, 8] . Cell viability was not affected by ethanol or LPS treatment. For positive induction of HSF, monocytes/macrophages were heat-shocked at 42°C for 45 min, and for hsp expression, heat shocking was followed by recovery at 37°C for 18 h. For inhibition of hsp90 activity, macrophages were treated with 0.2 M geldanamycin with 72 h of alcohol exposure, followed by LPS treatment as described in the figure legends.
ELISA TNF-␣ was determined in culture supernatants in an ELISA (BD PharMingen, San Diego, CA, USA).
Preparation of nuclear and cytoplasmic extracts
Nuclear and cytoplasmic extracts from cells with or without stimulation at 37°C were performed by the method of Schatzle et al. [23] . Briefly, at the end of the stimulation period, cells were scraped and washed in ice-cold PBS. Cells were then resuspended in cold hypotonic buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, and 10 g/ml protease inhibitors such as aprotinin, antipain, and leupeptin, Sigma-Aldrich Co., St Louis, MO, USA) and incubated on ice for 20 min. Cells were then lysed in 0.6% Nonidet P-40 by vortexing for 20 s. The lysate was then centrifuged at 12,000 g for 30 s to pellet the nuclei, and the supernatant was stored at -80°C as the cytoplasmic extract. The nuclear pellet was then resuspended in ice-cold buffer B [20 mM HEPES (pH 7.9), 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, and 20% glycerol]. All tubes were kept on a shaker at 4°C for 30 min. The lysate was then centrifuged at 12,000 g for 15 min, and the supernatant was stored at -80°C as the nuclear extract. Protein content was determined in the cytoplasmic and nuclear extract by the Bio-Rad dye reagent assay (Bio-Rad Laboratories, Hercules, CA, USA).
EMSA
A consensus double-stranded HSE (5ЈGCCTCGAATGTTCGCGAAGTT3Ј) or NF-B (5ЈAGTTAGGGGACTTTCCCAGGC3Ј) consensus sequence was used for EMSA [6] . End-labeling was accomplished by treatment with T4 polynucleotide kinase in the presence of ␥ 32 P-ATP (Dupont-NEN, Boston, MA, USA). Labeled oligonucleotide was purified on a polyacrylamide copolymer column (Bio-Rad Laboratories). Nuclear protein (5 g) was added to a binding reaction mixture containing 20 mM HEPES (pH 7.9), 50 mM KCl, 0.1 mM EDTA, 1 mM DTT, 5% glycerol, 200 g/ml BSA, 2 g polydeoxyinosinic:polydeoxycytidylic acid, and 50,000 cpm ␥ 32 P-labeled HSE or NF-B oligonucleotide. Samples were incubated at room temperature for 30 min. All reactions were run on a 4% polyacrylamide gel, and the dried gel was exposed to an X-ray film at -80°C overnight. For the cold competition reaction, a 20-fold excess of a specific, unlabeled, double-stranded probe was added to the reaction mixture before adding the labeled oligonucleotide. Supershift analysis was carried out by addition of 2 l HSF-1 or HSF-2 antibody (Stressgen Bioreagents, Ann Arbor, MI, USA) 30 min after addition of the labeled HSE, followed by 30 min incubation at room temperature.
Immunoblotting and immunoprecipitation
Whole cell extracts or cytoplasmic proteins (20 g) were loaded onto each well, separated on 10% SDS-polyacrylamide gel, and electroblotted onto nitrocellulose membranes. Nonspecific binding was blocked by incubation of the membranes in TBS/1% nonfat dried milk/0.1% Tween-20, followed by antibodies indicated in the figure legends. The antibodies against HSF-1, hsp70, and hsp90 were purchased from Stressgen Bioreagents. ␤-Tubulin and TATA-binding protein (TBP) antibodies were from Abcam (Cambridge, MA, USA). The antibodies were detected using HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and chemiluminescence assay reagents from Cell Signaling (Danvers, MA, USA).
For immunoprecipitations, samples were precleared with 50 l TrueBlot anti-rabbit IgG IP beads (eBioscience Inc., San Diego, CA, USA) for 1 h, and then the precleared samples were incubated with the 5-g anti-IKK␤ antibody (Santa Cruz Biotechnology) or hsp90 antibody overnight at 4°C. An aliquot of the precleared sample (1/20th vol) before the immunoprecipitation reaction was designated as the input sample. The next day, 50 l TrueBlot anti-rabbit IgG IP beads were added to each sample for 1 h. The beads were washed three times with lysing buffer and then eluted with sample buffer. Subsequently, Western blotting was performed, and blots were probed with anti-hsp90 or HSF-1 antibody (Stressgen Bioreagents), respectively.
RNA analysis
Total RNA was extracted using the RNeasy mini kit (Qiagen Sciences, Germantown, MD, USA) according to the manufacturer's instructions (Qiagen GmbH, Hilden, Germany). cDNA synthesis was performed by RT of total RNA using the RT system (Promega, Madison, WI, USA). Real-time quantitative PCR was performed using the iCycler iQ real-time detection system (Bio-Rad Laboratories). Primers were synthesized by IDT, Inc. (Coralville, IA, USA), and the hsp70 primer sequences are forward 5Ј ttgtccatgttaaggttttgtggtata 3Ј and reverse 5Ј gtttttttcattagtttgtagtgatgcaa 3Ј. The reaction mixture for real-time PCR contained 12.5 L QuantiTect SYBR Green PCR master mix (Qiagen, Valencia, CA, uSA), 0.25 M each forward and reverse primers, and 0.5 L cDNA (corresponding to 25 ng RNA) for a total reaction volume of 25 L. All amplifications and detections were carried out in the iCycler iQ PCR plates with optical tapes (Bio-Rad Laboratories). At each amplification cycle, accumulation of PCR products was detected by monitoring the increase in fluorescence by double-stranded DNA-binding SYBR Green. Relative gene expression was determined using the standard curve method. The expression level of target genes was normalized to the housekeeping gene, 18S, in each sample and expressed as fold change in the target gene expression between experimental groups. Melt-curve analysis and agarose-gel electrophoresis were used to confirm the authenticity of the PCR products.
Transient transfection
The hsp70 promoter-driven luciferase reporter plasmid [p(hsp70)-Luc] was a kind gift from Dr. R. Morimoto (Northwestern University, Chicago, IL, USA) [24] . RAW264.7 macrophages exposed to alcohol for 72 h or grown in the absence of alcohol were transfected with the reporter plasmids hsp70-firefly luciferase and Renilla-luciferase as control (Promega) using the transfection agent FuGENE 6 (Roche Applied Science, Indianapolis, IN, USA). After 24 h of incubation, cells were treated with 50 mM alcohol for acute alcohol studies in the presence or absence of LPS (100 ng/ml) for 24 h, and luciferase activity was assessed with Dual Glo luciferase assay reagent (Promega), according to the manufacturer's instructions. hsp70 promoter-driven transcriptional activity, as detected by firefly luciferase activity, was normalized with the Renillaluciferase activity. The relative light units (RLU) represent an average of triplicate samples.
Statistical analysis
All data are expressed as means Ϯ SE. Results between treatment groups were compared by the Wilcoxon-signed rank, nonparametric data analysis.
RESULTS

Activation of HSF-1 in alcohol-treated monocytes and macrophages
During the early stages of alcoholic liver disease (ALD), circulating monocytes and resident hepatic macrophages are activated in response to bacterial endotoxin derived from the gut, resulting in inflammatory cytokine production [25, 26] . Earlier studies have shown that although prolonged alcohol treatment increases TNF-␣, acute alcohol exposure decreases TNF-␣ production in monocytic cells [4 -6, 8] . Oxidative stress-regulated hsp expression is tightly controlled by binding of the HSF to its HSE in the promoter region of hsps [10 -12, 22] . Activation of HSF is regulated by oxidative stress caused by various environmental insults such as heat and alcohol [22, 27] . Here, we first determined whether alcohol by itself or in combination with LPS affects HSF DNA-binding activity and nuclear translocation. In the current study, alcohol treatment for 15 min-24 h represents "short-term or acute" alcohol exposure on the basis of decreased, LPS-induced TNF-␣ production [4, 6] , whereas 72 h alcohol treatment in vitro represents "prolonged or chronic" exposure, determined by increased, LPS-induced TNF-␣ production, described previously by in vivo and in vitro studies [5, 8] . Figure 1A shows that treatment of 1 g/ml LPS induces HSF DNA-binding activity in human peripheral blood monocytes. Exposure of different concentrations of alcohol (25 mM, 50 mM, and 75 mM) for 60 min or 100 ng/ml LPS induced significant HSF-binding activity as compared with unstimulated human monocytes. The upper band represents the trimeric, functional HSF-1, and the lower band is the nonfunctional, monomeric HSF-1, as described in the literature [28] . A combination of LPS plus alcohol at various concentrations for 60 min augmented the LPS-induced, HSF-binding activity in monocytes compared with LPS treatment alone (Fig. 1A) . These results indicate that alcohol modulates HSF-1 activation in human monocytes.
To extend our observations in monocytes to macrophages, we performed subsequent studies using RAW 264.7 macrophages, which when treated with LPS for 15 min, induced HSF-binding activity (Fig. 1B) , however similar but to a lesser extent than in human monocytes (Fig. 1A) . Treatment of macrophages with physiologically relevant doses (25 mM, 50 mM, 75 mM) of alcohol for 15 min significantly increased HSF-binding activity (Fig. 1B) . A combination of LPS with alcohol (50 mM and 75 mM) resulted in a further augmentation of HSF DNA binding as indicated in the bar graph (Fig. 1B , lower panel), as compared with LPS or alcohol treatment alone (Fig. 1B) . Heat shock at 42°C for 45 min, used as a positive control, showed the highest HSF-binding activity in monocytes (Fig. 1A ) and RAW macrophages (Fig. 1B) . These data suggest that HSFbinding activity was induced by short-term alcohol exposure and augmented by a combination of alcohol with LPS in monocytes and macrophages.
Prolonged alcohol intoxication enhances monocyte and macrophage production of inflammatory cytokines, particularly TNF-␣ in humans and in experimental animal models of chronic alcohol abuse [5, 8, 29] . Here, we investigated whether prolonged alcohol treatment of macrophages for 72 h in vitro affects HSF-binding activity. The 72-h in vitro treatment of alcohol was selected on the basis of a "classical" increase in LPS-induced NF-B activation and TNF-␣ production in RAW macrophages, similar to previous in vivo and in vitro studies [5, 8, 29, 30] . Here, we found that prolonged exposure of alcohol for 72 h significantly increased HSF-binding activity in RAW macrophages (Fig. 1C) . However, LPS treatment after chronic alcohol exposure of macrophages did not significantly further augment the HSF-binding activity as compared with alcohol treatment alone (Fig. 1C) , as shown in the bar graph (Fig. 1C , lower panel). These data ascertain that prolonged alcohol exposure increases HSF-binding activity by itself with no further augmentation by LPS in monocytic cells and macrophages.
In mammals, two predominant isoforms of HSF, HSF-1 and HSF-2, have been identified [12, 26] . In supershift analysis, our results show that HSF-1 and not HSF-2 antibodies supershifted the HSF complex in LPS-treated, acute alcohol-treated, and heat-shocked macrophages, indicating the predominance of HSF-1 in the binding complex (Fig. 1D ). Similar results were obtained for monocytes (data not shown), where HSF-1 antibodies and not HSF-2 shifted the bands (monomeric and dimeric forms of HSF-1) observed in the EMSA in Figure 1A . Furthermore, supershift analysis of chronic alcohol-exposed macrophages also indicated the presence of HSF-1 and not HSF-1 in the binding complex (data not shown). Previous studies have shown that although the monomeric and trimeric forms bind to DNA, only the trimeric form induces transactivation of target genes [28] . Our data suggest that alcohol increases DNA binding of HSF-1 and not HSF-2.
In the absence of stress stimuli, inactive HSF-1 is sequestered in the cytoplasm by the constitutive hsp90 in a monomeric form [31] . Upon activation, HSF-1 trimerizes and traverses to the nucleus to bind to the promoter region and induces transcription of hsp genes in a stimulus and cell type-specific manner [32] . As we observed increased HSF-1 DNA-binding activity in acute and chronic alcohol-exposed monocytes and macrophages, we wanted to determine whether alcohol exposure promotes HSF-1 nuclear translocation. Based on our findings in Figure 1 , B and C, that 50 mM alcohol induced most pronounced effects in HSF-1-binding activity, all subsequent experiments were performed at this alcohol concentration. Figure 1E shows that 50 mM alcohol exposure RAW macrophages were stimulated with LPS (100 ng/ml) in the presence or absence of 25 mM, 50 mM, and 75 mM ethanol for 15 min (Acute). HSF was detected in the nuclear extracts by EMSA using a 32 P-labeled, double-stranded HSE oligonucleotide. A representative EMSA shown in the upper panel and the bar graph in the lower panel show mean density Ϯ SE of five experiments (*, PϽ0.02, compared with unstimulated; **, PϽ0.001, compared with LPS). NS, Nonspecific. (C) Cells were exposed to 25 mM and 50 mM alcohol for 72 h alone (Chr) or followed by LPS (100 ng/ml) for 15 min. HSF was detected in the nuclear extracts by EMSA using a 32 P-labeled, double-stranded HSE oligonucleotide. A 20-fold excess of unlabeled oligonucleotide was included as a cold competitor. A representative EMSA shown in the upper panel and the bar graph in the lower panel show mean density Ϯ SE of five experiments. (#, PϽ0.05; ##, PϽ0.02, compared with unstimulated). (D) Supershift analysis of HSF-binding activity in alcohol-treated macrophages. RAW macrophages were heat-shocked at 42°C for 45 min and treated with 50 mM ethanol for 15 min or with LPS (100 ng/ml) for 15 min, and nuclear extracts were subjected to gel shift analysis. All reactions were admixed with HSF-1 or HSF-1 antibody (2 g) after addition of the 32 P-HSF oligonucleotide and incubated for 30 min. Shifted bands were detected by their retarded mobility. SS, Supershifted. (E) Macrophages were exposed to 50 mM alcohol for 15 min or 72 h alone or followed by LPS (100 ng/ml) for 15 min. HSF-1 was detected in the nuclear (30 g; second gel from top) and cytoplasmic (30 g; third gel from top) extracts by Western blotting using an anti-mouse HSF-1 antibody. Antibodies to TBP for nuclear extracts and ␤-tubulin for cytoplasm were used as internal loading control. A representative gel from a total of three experiments for nuclear and cytoplasmic extracts and the bar graph show mean density Ϯ SE of three experiments (*, PϽ0.01, compared with unstimulated; **, PϽ0.05, compared with LPS).
of macrophages for 15 min (acute) and 72 h (chronic) increases HSF-1 levels in the nucleus, as determined by Western blotting using a HSF-1 antibody. Although LPS treatment induced an increase in nuclear HSF-1 levels, a combination of 50 mM alcohol and LPS significantly augmented the HSF-1 nuclear levels (Fig.  1E) . Cytoplasmic levels of HSF-1 were unaltered in all treatment groups (Fig. 1E) . These results suggest that alcohol exposure, acute or chronic, induces nuclear translocation of HSF-1 and facilitates DNA binding to influence target gene expression.
Acute alcohol transiently induces hsp70, whereas prolonged alcohol decreases hsp70 in macrophages
The HSF induces expression of various hsps, particularly hsp70 and hsp90, of significance to regulation of inflammatory responses [12, 27, 33] . Here, we investigated whether alcoholinduced HSF-1 activation modulates hsp70 expression in macrophages. Figure 2A shows that LPS at 100 ng/ml slightly increases cellular hsp70 levels by 6 h but reaches a maximum at 24 h. Acute alcohol exposure for 6 h and 24 h by itself did not affect hsp70. However, a combination of alcohol plus LPS significantly increased hsp70 levels at 6 h and 24 h in macrophages. Real-time PCR analysis revealed that macrophages exposed to LPS for 6 h showed an increase in hsp70 mRNA levels, whereas alcohol alone did not increase hsp70 mRNA significantly (Fig. 2B) . A combination of alcohol and LPS showed a significant up-regulation of hsp70 mRNA levels (Fig.  2B) . These results mirrored our findings on hsp70 protein levels after acute alcohol exposure in macrophages. In addition, an acute alcohol-induced increase in hsp70 in macrophages could be a result of augmentation of HSF-1 activation (Fig. 1B) . To determine whether acute alcohol-induced HSF-1-binding activity correlates with hsp70 expression, transient transfection studies using a hsp70 promoter-driven luciferase construct in RAW macrophages were performed. LPS stimulation of macrophages transfected with the hsp70 promoter reporter construct induced a significant increase in hsp70 promoter-driven luciferase activity (Fig. 2C) . Acute alcohol Fig. 2 . Acute alcohol transiently increases, but chronic alcohol decreases, LPS-induced hsp70 in macrophages. (A) RAW macrophages were stimulated with 50 mM ethanol in the presence or absence of LPS (100 ng/ml) for 6 h or 24 h. Whole cell lysates (30 g) were then subjected to immunoblotting using the hsp70 antibody and visualized by chemiluminescence. ␤-Tubulin antibody was used as an internal loading control. Representative gel and bar graph show mean density Ϯ SE of four individual experiments (*, PϽ0.02, compared with LPS). (B) Macrophages were exposed to 50 mM alcohol for 72 h (Chr) alone, followed by LPS (100 ng/ml) or LPS plus alcohol (Acute) for 6 h. Total RNA extracts were subjected to real-time PCR using the hsp70 primers. Results are shown as the bar graph of mean fold induction of hsp70 mRNA over unstimulated cells Ϯ SE of three individual experiments (*, PϽ0.009; **, PϽ0.02, compared with LPS). rhsp70, Recombinant hsp70. (C) RAW 264.7 macrophages with or without 50 mM alcohol exposure for 72 h were transiently transfected with hsp70 promoter luciferase reporter construct and the Renilla-luciferase construct. Twenty-four hours after transfection, cells were exposed to 50 mM ethanol for acute exposure, and all cells were stimulated with or without LPS (100 ng/ml) for 16 h. Cells were then lysed to determine firefly luciferase activity and normalized to the Renilla-luciferase activity. The bar graph represents the fold induction of the luciferase activity of a total of three experiments (*, PϽ0.03; **, PϽ0.02, compared with LPS). (D) Macrophages were exposed to 25 mM, 50 mM, and 75 mM alcohol for 72 h alone (Chr) or followed by LPS (100 ng/ml) for 24 h. Whole cell extracts (30 g) were then subjected to immunoblotting using the hsp70 antibody and visualized by chemiluminescence. ␤-Tubulin antibody was used as an internal loading control. Representative gel and bar graph show mean density Ϯ SE of four individual experiments (*, PϽ0.02, compared with unstimulated; **, PϽ0.01, compared with LPS). exposure (50 mM) for 16 h did not significantly increase hsp70 promoter-driven luciferase activity; however, a combination of LPS plus alcohol showed an augmentation of luciferase activity compared with LPS alone. Collectively, these results suggest that acute alcohol induces HSF-1 activation, leading to increased hsp70 promoter-driven transcriptional activity, endogenous hsp70 mRNA, and protein in macrophages.
Similar to acute alcohol, prolonged alcohol exposure in vitro significantly increased HSF-1-binding activity in macrophages. Hence, we wanted to evaluate whether prolonged alcohol treatment affects hsp70 expression. Figure 2D illustrates that macrophages exposed to LPS for 24 h had increased cellular hsp70 levels significantly compared with unstimulated cells. Intriguingly, prolonged alcohol exposure alone for 72 h significantly decreased baseline hsp70 levels in a dose-dependent manner (Fig. 2D) . Real-time PCR analysis showed a trend for decrease in hsp70 mRNA levels on exposure of 50 mM alcohol for 72 h in macrophages (Fig. 2B) . Additionally, exposure of 50 mM alcohol for 72 h followed by LPS treatment showed a more pronounced down-regulation in hsp70 mRNA (Fig. 2B) and protein ( Fig. 2D ) levels as compared with LPS alone. Heat shock at 42°C for 45 min, followed by recovery for 16 h used as a positive control for hsp70 induction, showed significant up-regulation of hsp70 mRNA and protein in macrophages. As prolonged alcohol induces HSF-1 activation but decreases hsp70, we wanted to determine whether hsp70 promoter-driven luciferase activity was altered. Transient transfection studies show that 72 h chronic alcohol exposure alone did not affect luciferase activity but decreased LPS-stimulated luciferase activity (Fig. 2C) . These results indicate that there is lack of correlation between increased HSF-1-binding activity and decreased hsp70 promoter activity, mRNA, and protein levels after prolonged alcohol exposure in macrophages.
Prolonged alcohol treatment increases hsp90, stabilizes the hsp90-IKK complex, and induces NF-B hsp90 chaperones various components of the LPS-inducible TLR signaling pathway [14, 34, 35] and is important in inflammatory cytokine production. Constitutive hsp90 negatively regulates HSF-1 activity by sequestration of HSF-1 in an inactive complex in the cytoplasm [31] . As acute and prolonged alcohol exposure induces HSF-1-binding activity, we studied whether alcohol exposure affects hsp90 levels in macrophages. Additionally, as a result of the lack of correlation between HSF-1 activation and hsp70 induction in prolonged alcohol-exposed macrophages, we sought to investigate whether alcohol-induced HSF-1 activation correlates with hsp90 protein induction after prolonged alcohol exposure. hsp90 protein levels were assessed in the total cellular lysates as well as in the cytoplasmic compartment in macrophages, where hsp90 binds to HSF-1 and other client proteins. We found that LPS treatment by itself did not increase hsp90 levels in macrophages (Fig. 3A) , but 50 mM (not 25 mM) alcohol for 72 h increased hsp90 significantly in macrophages. When LPS was added 72 h after alcohol treatment, hsp90 levels were increased significantly in total cellular lysates compared with LPS treatment alone (Fig. 3A) . Furthermore, macrophages treated with 50 mM alcohol for 72 h followed by LPS showed significantly increased accumulation of hsp90 in the cytoplasm (Fig. 3B) , despite concomitant HSF-1 activation (Fig. 1C) . Analysis of hsp90 after acute alcohol exposure in combination with LPS showed reduced cytoplasmic hsp90, indicating a correlation between HSF-1 activation and loss of hsp90 in the cytoplasm. These results indicate that increased hsp90 in the cytoplasm of chronic alcohol macrophages is not associated with HSF-1, whereas acute alcohol exposure decreases hsp90 levels and its association with HSF-1.
Under normal condition, hsp90 binds and retains HSF-1 in an inactive state in the cytoplasm [31] . To test whether the association of hsp90 and HSF-1 is altered in alcohol-exposed macrophages, we performed immunoprecipitation analysis of cytoplasmic extracts using the anti-hsp90 and HSF-1 antibodies. Figure 3C shows that although unstimulated macrophages show maximal HSF-1 in hsp90 immunoprecipitates, acute as well chronic alcohol exposure shows decreased HSF-1 in the hsp90-immunoprecipitated complexes. As expected, heat shocking of macrophages at 42°C resulted in a decrease in HSF-1-hsp90 complexes as a result of dissociation of the hsp90-HSF-1 during heat stress (Fig. 3C) . Thus, decreased association of hsp90 HSF-1 with increased HSF-1 DNA-binding activity suggests a hsp90-dependent HSF-1 activation in acute alcohol-exposed macrophages. However, it appears that increased hsp90 in the cytoplasm of prolonged alcohol-exposed macrophages does not associate with HSF-1, suggesting that hsp90 may interact with other client proteins in the cytoplasm and not HSF-1.
In the cytoplasm, hsp90 interacts with other proteins including IKK to regulate maintenance of constitutive and inducible IKK kinase activity and NF-B induction [14, 33, 35] . As we observed increased hsp90, which was not associated with HSF-1 in the cytoplasm of prolonged alcohol-exposed macrophages, we postulated that hsp90 could interact with IKK to promote stabilization of the IKK complex and promote NF-B activation and TNF-␣ production. Figure 4A demonstrates that although short-term alcohol (50 mM) exposure decreased hsp90-IKK␤ complexes, prolonged alcohol increased association of hsp90 and IKK␤ induced by LPS. Concomitant analysis of IKK␤ kinase activity revealed that prolonged alcohol exposure increased, whereas acute alcohol decreased, LPS-induced IKK␤ kinase activity (Fig. 4B) . Reduced hsp90-IKK␤ complexes were accompanied by decreased IB␣-independent, NF-B-binding activity in nuclear extracts of short-term, alcohol-exposed macrophages (Fig. 4C) . On the other hand, increased hsp90-IKK␤ complexes in prolonged alcohol-exposed macrophages culminated in IB␣ degradation (Fig. 4D, upper  gel) , hence, increased NF-B DNA-binding activity ( Fig. 4D ; lower gel). These results support the contention that the increased hsp90 levels after prolonged alcohol exposure could play a role in IKK stabilization and increased NF-B acitivity, leading to increased TNF-␣ production in macrophages.
Inhibition of hsp90 prevents a prolonged alcoholinduced increase in LPS-mediated TNF-␣ production
Geldanamycin A (GA), a specific antagonist of hsp90, is a benzoquinone ansamycin that alters hsp90 function by inhibition of ATPase activity [36] . Inhibition of hsp90 function results in loss of IKK kinase activity and DNA-binding activity of NF-B by preventing polyubiquitination of the IKK complex [14, 33, 35] and reduction of TNF-␣ production. Here, we investigated whether GA prevents a prolonged, alcohol-mediated increase in LPS-induced NF-B activation and TNF-␣ production in RAW macrophages. Figure 5A shows that RAW macrophages treated with LPS (100 ng/ml) for 16 h induced TNF-␣ production. Prolonged alcohol (25 mM and 50 mM) exposure of macrophages for 72 h followed by LPS resulted in a significant augmentation of the LPS-induced TNF-␣ production (Fig. 5A) . However, pretreatment of macrophages with suboptimal doses of GA (0.2 M) for 72 h during alcohol exposure decreased the LPS-induced TNF-␣ production (Fig.  5A) . Furthermore, GA pretreatment prevented the chronic alcohol-induced augmentation of LPS-induced TNF-␣ (Fig.  5A ) without affecting cellular viability (Fig. 5B) , indicating that inhibition of hsp90 down-regulates TNF-␣ production after chronic alcohol exposure.
As hsp90 facilitates NF-B-binding activity via stability of IKK kinase, we also determined whether restoration of LPSinduced TNF-␣ levels in geldanamycin-treated chronic alcohol macrophages could be a result of inhibition of NF-B-binding activity by geldanamycin. Figure 5C shows that whereas chronic alcohol exposure significantly increases LPS-induced NF-B-binding activity, geldanamycin treatment significantly inhibits chronic alcohol-induced, NF-B-binding activity in macrophages, indicating that hsp90 plays an important role in the induction of NF-B-binding activity after chronic alcohol exposure. Thus, our results suggest that hsp90 inhibition may prevent the alcohol-induced augmentation of LPS-induced NF-B-binding activity and TNF-␣ and subsequently reduce inflammation in ALD. Hence, we propose that hsp90 plays an important role in alcohol-induced inflammation.
DISCUSSION
In this study, we show for the first time that exposure of macrophages to in vitro alcohol results in induction of hsp70 and hsp90 by its key regulator, the HSF, and that these factors play an important role in alcohol-induced proinflammatory cytokine production. Here, we propose novel mechanisms involving hsp70 and hsp90 in contribution to alcohol-induced TNF-␣ production. Specifically, we show that in monocytes and macrophages, short-term alcohol increases HSF-1-binding activity and induces hsp70 mRNA and protein. On the other hand, prolonged alcohol exposure increases HSF-1-binding activity without hsp70 induction but instead, resulting in hsp90 expression. Our studies also show that the increased hsp90 is associated with IKK␤ in the cytoplasm in prolonged alcohol-exposed macrophages, thereby supporting Fig. 3 . Prolonged alcohol treatment increases hsp90. (A) Macrophages were exposed to 25 mM and 50 mM alcohol for 72 h alone (Chr) or followed by LPS (100 ng/ml) for 24 h. Whole cell extracts (30 g) were then subjected to immunoblotting using the hsp90 antibody and visualized by chemiluminescence. ␤-Tubulin antibody was used as an internal loading control. Representative gel and bar graph show mean density Ϯ SE of four individual experiments (*, PϽ0.05, compared with unstimulated; **, PϽ0.02, compared with LPS). (B) Macrophages were exposed to 50 mM alcohol for 72 h (Chr) followed by LPS (100 ng/ml) or in the presence of alcohol plus LPS for 24 h (acute). Cytoplasmic extracts (30 g) were then subjected to immunoblotting using the hsp90 antibody and visualized by chemiluminescence. ␤-Actin antibody was used as an internal loading control. Representative gel and bar graph show mean density Ϯ SE of four individual experiments (*, PϽ0.02; **, PϽ0.001, compared with LPS). (C) RAW macrophages exposed to 50 mM alcohol for 72 h (Chr) followed by LPS (100 ng/ml) or in the presence of alcohol plus LPS for 15 min (acute). Cytoplasmic extracts (300 g) were then subjected to immunoprecipitation (IP) using the hsp90 antibody (Stressgen Biotechnologies), followed by immunoblotting using the HSF-1 antibody and visualized by chemiluminescence (lower gel). Immunoblotting with the hsp90 antibody showed successful immunoprecipitation of hsp90 (upper gel). A representative gel and the bar graph with mean density of four individual experiments are shown (*, PϽ0.02, compared with unstimulated). WB, Western blot.
IKK kinase activity, IB␣ degradation, and increased NF-B activation. Importantly, geldanamycin, a specific hsp90 inhibitor, confirmed that blocking of hsp90 results in inhibition of LPSinduced NF-B activation and TNF-␣ production after prolonged alcohol exposure. Collectively, our results strongly suggest that alcohol regulates hsp70 and hsp90 based on the duration of exposure, and prolonged alcohol-induced hsp90 contributes to LPS-induced TNF-␣ production in macrophages.
hsps are a group of highly conserved proteins that are induced rapidly in response to a variety of environmental stresses including high temperatures, trauma, glucose deprivation, and ethanol exposure [10, 11] . Previous studies about hsps have revealed that during stress, hsps contribute to cell survival by chaperoning various kinases and misfolded proteins to facilitate their correct folding and assembly. Induction of hsp genes is regulated by the HSF [12, 27] . Studies showing induction of hsps by alcohol in the liver and brain have speculated that hsp expression is a cellular, adaptive response to ethanol-induced oxidative stress [17] [18] [19] [20] . In neuronal cells, acute and chronic alcohol exposure induces hsp genes such as Fig. 4 . Alcohol regulates hsp90-IKK␤ complexes in macrophages. (A) RAW macrophages were exposed to 50 mM alcohol alone for 24 h (Acute) with LPS or 72 h (Chr) followed by LPS (100 ng/ml) for 24 h. Cytoplasmic extracts (300 g) were then subjected to immunoprecipitation using the IKK␤ antibody followed by immunoblotting using the hsp90 antibody and visualized by chemiluminescence (lower gel). Immunoblotting with the IKK␤ antibody after immunoprecipitation with IKK␤ showed equal loading (upper gel). A representative gel and the bar graph with mean density Ϯ SE of four individual experiments are shown. (B) IKK kinase assay. RAW macrophages were exposed to 50 mM alcohol for 72 h followed by LPS (100 ng/ml) or in the presence of alcohol plus LPS for 24 h. Cytoplasmic extracts (300 g) were then subjected to immunoprecipitation using the IKK␤ antibody followed by in vitro kinase assay using the GST-IB␣ as a substrate. Results are shown as mean cpm incorporated in the substrate Ϯ SE of four individual experiments (*, PϽ0.001; **, PϽ0.05, compared with LPS). (C) RAW macrophages were stimulated with LPS (100 ng/ml) in the presence or absence of 25 mM, 50 mM, and 75 mM ethanol for 15 min. IB␣ was estimated in the cytoplasmic extracts by Western blotting (upper representative gel of a total of five). NF-B was detected in the nuclear extracts by EMSA using a 32 P-labeled, double-stranded NF-B oligonucleotide (lower representative gel of a total of five). A 20-fold excess of unlabeled oligonucleotide was included as a cold competitor. The bar graph (NF-B) in the lower panel shows mean density Ϯ SE of five experiments (*, PϽ0.001, compared with LPS). (D) RAW macrophages were exposed to 25 mM and 50 mM alcohol for 72 h alone or followed by LPS (100 ng/ml) for 15 min. IB␣ was estimated in the cytoplasmic extracts by Western blotting (upper representative gel of a total of five). NF-B was detected in the nuclear extracts by EMSA using a hsp70, hsp90, glucose-regulated protein (grp)78, and grp94 via HSF-1 activation [20, 37, 38] . Increased hsp70 gene expression was also observed in livers of ethanol-fed rats [17] . Longterm alcohol exposure also affects hsp27 and hsp90 mRNA in skeletal muscle in rats [39] . Whereas at first interpreted as a signal of cellular adaptation to stress and protection from the injury, it is now being recognized that hsps and its transcription factor HSF-1 can also contribute to cellular injury [40] . Our studies here point to a role for hsp90 in regulating alcoholinduced inflammation and thus, contributing to alcoholic cellular injury.
Activation of HSF is required for hsp induction [10 -12] . Here, we show that regardless of the duration of exposure, alcohol induces nuclear translocation and DNA-binding activity of HSF-1. Several HSFs (HSF-1-4) have been described in vertebrate cells [12, 27] . In human cells, however, HSF-1 and HSF-2 share a common, functional region and are regulated differently. Although HSF-1 is the predominant type activated during stress, HSF-2 plays an important role in early development and also seems to participate in transcriptional regulation of hsps during stress [12, 41] . Our supershift experiments identify HSF-1 and not HSF-2 as the principle form affected by alcohol. In nonstressed cells, monomeric HSF-1 remains inactive in the cytoplasm in a multichaperone complex containing hsp90 and other cochaperone proteins [31] . Here, we show that acute and prolonged alcohol exposure decreased association of hsp90 and HSF-1 in the cytoplasm and increased HSF-1 nuclear translocation and DNA-binding activity in macrophages.
HSF-1 activation results in induction of target genes such as the family of hsps [12] . Earlier reports have shown that oxidative stress-induced hsps, particularly hsp70 and hsp90, play an important role in regulating inflammatory cytokines such as TNF-␣. For instance, hsp70 participates in post-transcriptional control of TNF-␣ release [42] and inhibition of nuclear translocation of NF-B [43, 44] . Here, we show that although short-term alcohol alone does not affect hsp70, LPS-induced hsp70 promoter activity, mRNA, and protein are increased in macrophages. hsp70 induction is regulated by cooperation from other transcription factors such as STAT1, which interacts directly with HSF-1 to induce hsp70 [45] . Recent studies show that acute alcohol decreases cytokine-induced STAT1 activity in human monocytes [46] . Although it is likely that a chronic alcohol-mediated decrease in LPS-induced hsp70 could be a result of a lack of cooperation of STAT1, the role of STAT1 in induction of hsp70 by acute alcohol is still unclear.
Previous studies show that acute alcohol decreases LPSinduced NF-B activation and TNF-␣ production in monocytes and macrophages [6] . Here, it is likely that acute alcohol directly increases transcription of hsp70, which in turn could repress TNF-␣ gene expression. hsp70 could act via sequestration of NF-B in the cytoplasm [43, 44] or direct binding to TNF-␣ and inhibition of its release [42] in acute alcohol exposure. Further investigations of the molecular interactions of components of the NF-B pathway and hsp70 will provide insights into the role of hsp70 in TNF-␣ down-regulation after acute alcohol exposure. On the other hand, chronic alcohol exposure decreased hsp70 mRNA and protein in macrophages. Addition of LPS to prolonged alcohol-exposed macrophages down-regulated hsp70 promoter-driven reporter activity and hsp70 mRNA. Studies have shown that the hsp70 mRNA is more stable in cells treated with protein synthesis inhibitors [47] . It is likely that prolonged alcohol treatment induces new protein synthesis to affect turnover rate of hsp70 mRNA, resulting in decreased hsp70 expression. In addition to HSF-1, hsp70 induction is modulated by STAT1 and specificity of protein 1 (Sp1) DNAbinding activity [19, 45, 48] . Previous studies have shown that chronic alcohol decreases STAT1 activity [49] . Decreased hsp70 levels after chronic alcohol exposure could be a result of decreased STAT1 activity. Alcohol could also alter Sp1-binding activity in macrophages and contribute to alteration in hsp70 induction.
Aside from hsp70, HSF-1 also induces hsp90, another target gene [12, 27] . Induction of hsp90 is common in various forms of cancer and tissue injury [50] . Our studies demonstrate that acute alcohol exposure showed no significant differences in total cellular hsp90 but decreased cytoplasmic hsp90 and correlated with HSF-1 activation in these cells. Chemotherapeutic agents such as taxotere cause ubiquitination and subsequent proteasomal degradation of hsp90 [51] . It is likely that acute alcohol-induced reduction in cytoplasmic hsp90 levels occurs as a result of proteasomal degradation. In nonstressed cells, hsp90 sequesters monomeric HSF-1 in the cytoplasm and upon stress, releases HSF-1 from this chaperone complex with hsp90 [31] . In our studies, acute alcohol exposure decreased cytoplasmic hsp90-HSF-1 complexes. hsp90 binds to monomeric HSF-1 as well as trimeric HSF-1 in the nucleus [52] . The possibility that acute alcohol exposure results in localization of hsp90 to the nucleus to facilitate HSF-1 DNA binding is likely.
Prolonged alcohol exposure and in combination with LPS increased total cellular and cytoplasmic hsp90 levels in RAW macrophages. Interestingly, hsp90 did not form complexes with HSF-1 in the cytoplasm of prolonged alcohol-exposed cells. hsp90 is required for efficient function and stability of kinases induced by the LPS pathway [14, 34, 35] . A requirement of hsp90 for activation of NF-B was suggested by studies that use GA, an efficient and specific hsp90 inhibitor [14, 36, 53] . GA inhibits LPS-induced NF-B activity and TNF-␣ production in macrophages [36, 53, 54] . Subsequent studies showed that hsp90 interacts with LPS-induced IKK kinase and is required for constitutive and inducible IKK and NF-B activation [14] . Prolonged alcohol exposure increases LPS-induced NF-B activation and TNF-␣ production in macrophages [5, 30] . Here, we show that increased hsp90 after prolonged alcohol exposure binds to IKK␤ to facilitate IKK kinase activity and NF-B activation. Immunoprecipitation experiments revealed that hsp90 formed stable complexes with IKK␤ similar to LPS treatment of RAW macrophages after prolonged alcohol exposure. Using suboptimal doses of geldanamycin, a specific inhibitor of hsp90 ATPase activity, we confirmed that GA prevents chronic alcohol-induced IKK␤ kinase activity and NF-B DNAbinding activity. Our results thus suggest that hsp90 plays an important role in alcohol-induced NF-B activation and TNF-␣ production. From these studies, we propose that hsp90 could be an attractive target in vivo for inhibition of TNF-␣ production and attenuation of alcohol-induced liver injury.
Collectively, our data suggest an important checkpoint role for hsps and their regulator HSF-1 in alcohol-induced TNF-␣ regulation. Although HSF-1-induced hsp70 in acute alcohol exposure could play an important role in regulation of inhibition of inflammation, hsp90 is supportive to induction of proinflammatory cytokines in alcoholic liver injury. Future in vivo pharmacologic hsp90 inhibitor studies will help provide evidence about the possibility of hsp90 as a target for treatment strategies in alleviating alcohol-induced liver injury.
